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When observed under the microscope, cell division is just
another dark event in the secret life of a bacterium: the cell
grows up to a certain size, and then a constriction appears in its
center that finally separates the cell into two daughters without
any other perceptible changes. Upon a more careful examina-
tion, division stands out for its regularity, an indication that it
is a strictly controlled event. It took years for bacterial genet-
icists to identify a deceptively small number of genes that
seemed to indicate that the division process is rather simple at
the molecular level too. This apparent simplicity has been
brightened during the last decade by the use of fluorescence
microscopy, which has illuminated the process of bacterial
division with many colorful details, some of which are summa-
rized in this review. We will focus on results obtained with
Escherichia coli, which has been the most intensively studied
organism in this field, although research is not by any means
limited to this organism.

In rod-shaped bacteria such as E. coli, division involves the
invagination of the cell membrane, closely followed by septa-
tion, which is the synthesis of the cell wall that will separate the
daughter cells. Septation involves a change in the direction of
synthesis of peptidoglycan, which takes place without disrupt-
ing the osmotic barrier of the cell envelope. Separation of the
daughter cells by cleavage of the central part of the septal cell
wall can occur together with septation and constriction, as in E.
coli, or at a later stage, as in Bacillus subtilis. In E. coli, these
processes involve the localization of at least 15 proteins at the
division site (13, 56, 92). They are cytoplasmic, membrane, and
periplasmic proteins. Each one localizes into a ring across the
cell width at midcell (Fig. 1). It is assumed that all these rings
are coincident at the same place and collectively are called the
division ring. The ring constricts during division and disappears
when the cells separate, although some remnants may eventu-
ally be detected at the poles of the newborn cells. Several
studies combining genetics and fluorescence microscopy sug-
gest that the division proteins form multiprotein complexes at
the division site, a view supported by two-hybrid analyses and
other assays (14, 25, 32, 46). These complexes have not been
physically isolated and subjected to biochemical and structural
analyses due to several drawbacks: some of the division pro-
teins are low-abundance membrane proteins; others (e.g., FtsI
and FtsN) are in close contact with the murein sacculus, and
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their complexes might be broken or distorted upon cell frac-
tionation; in addition, the division ring is a dynamic and energy-
dependent structure that quickly disassembles when the nucle-
otide triphosphate pools are depleted (78), as happens when
the cells are broken and their contents diluted.

In E. coli, the division proteins are recruited into the ring
following a sequential and almost linear pathway, as deduced
from the localization of green fluorescent protein fusions or
the immunostaining of the proteins in cell division mutants (13,
19). The flow is as follows: FtsZ > [FtsA, ZapA, ZipA] >
(FtsE, FtsX) > FtsK > FtsQ > (FtsB, FtsL) > FtsW > FtsI >
FtsN > AmiC > EnvC, where the proteins within brackets are
independent of each other but dependent on FtsZ and those
within parentheses assemble simultaneously. Although it is not
known if the incorporation of a particular protein into the ring
requires the continuous presence of all those that precede it in
the sequence, a failure in the localization of a protein causes a
catastrophic effect on the assembly of those that incorporate
later, preventing their localization into the ring. The exception
is ZapA, which is nonessential for division and therefore non-
essential for the recruitment of the downstream proteins. This
hierarchical localization might reflect a pathway of enzymatic
reactions taking place at the division site, in which each reac-
tion modifies some component of the septum, allowing the
entry of the next protein (temporal dimension), or it might
reflect a sequence of protein-protein interactions that leads to
the assembly of a multiprotein complex (spatial dimension),
the divisome (68), or the septosome (94). Both possibilities
could concur in the E. coli assembly pathway. In B. subtilis, the
localization does not follow a linear sequence but rather a
concerted or cooperative mode, as most division proteins are
interdependent for septal localization (27), a fact that argues in
favor of the physical protein interaction sequence.

THE GENES

Most of the genes that code for the cell division proteins
have been identified in E. coli and B. subtilis in screenings for
conditional mutants unable to divide under nonpermissive con-
ditions, usually high temperatures. These mutants are normal
at the permissive temperature but grow as multinucleated fil-
aments at the restrictive temperature, and so they were named
fts for filamentous temperature sensitive (though the name has
been extended to other cell division genes even if they were
identified by other methods and there are no known temper-
ature-sensitive alleles, e.g., ftsB and ftsN). In E. coli at least 15
genes are known to be involved in septation: fisA, -B, -E, -1, -K,
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FIG. 1. Imaging the division ring by three-dimensional deconvolu-
tion microscopy. The images correspond to E. coli MC1061 cells from
an exponentially growing culture. The cells were stained with poly-
clonal antisera against FtsZ, FtsA, FtsN, or ZipA obtained in the
authors’ laboratory and an Alexa 594-conjugated anti-rabbit secondary
antibody. Images from optical sections spaced 73 nm apart were taken
with an Olympus BX-61 wide-field motorized microscope equipped
with a DP70 charge-coupled-device camera. The image stacks were
deconvoluted using the Huygens Professional software package. The
top row shows images of the central, in-focus, section of each stack,
whereas the bottom row shows the cross section of the same cells taken
at the points of maximal fluorescence intensity. The elongation along
the z axis introduced by the optical system was corrected in the de-
convoluted stacks by multiplying the vertical scale by 0.42 (the correc-
tion factor calculated from the measurement of control spherical par-
ticles). The scale bar corresponds to 0.5 pwm.

-L, -N, -Q, -W, -X, -Z, zipA, zapA, amiC, and envC (27, 56, 89,
92). Other fts genes, like ftsH, ftsJ, and ftsY, turned out to be
involved in general processes that have pleiotropic effects on
cell division (17, 21, 85). Additional genes are required for
division but are not specific for this process, like groEL and
hscA, which code for the chaperones GroE and HscA, respec-
tively (70, 86), and mrcA and -B, which code for PBP 1a and 1b,
two bifunctional enzymes (penicillin-binding proteins [PBPs])
that are essential for both lateral and septal peptidoglycan
synthesis (42).

Comparison of different bacterial genomes has shown that
the division genes are well conserved among bacteria, indicat-
ing that most bacterial groups share common division machin-
ery and mechanisms. Nevertheless, none of the known division
genes is present in all the groups, probably because the ma-
chinery is flexible to some extent, and has evolved to fit the
diverse nature of the bacterial cell envelopes, cell shapes, and
life cycles. Even the ftsZ gene, which is found in the archaea
and some eukaryotes (where the FtsZ protein is needed for
organelle division), is missing in some groups of wall-less bac-
teria, like the planctomycetes and the chlamydiae, implying
that different division mechanisms have evolved in some bac-
teria. The only candidate that might be a universal bacterial
division gene is mralW, which in most bacteria is associated with
other division genes, forming a group called the dcw cluster (4,
84). The mraW gene is found in all the bacterial genomes
sequenced to date (our unpublished observations) and codes
for an S-adenosyl-methionine-dependent methyltransferase of
unknown function (18).

A recent survey of 70 completely sequenced bacterial ge-
nomes identified six highly conserved genes whose products
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might constitute the core of the bacterial division machinery
(59): ftsA, fis1, ftsK, fisQ, ftsW, and ftsZ. Except for ftsK, all the
others belong to the dew gene cluster. Another gene that might
be part of the core group is ftsL. This gene is quite short and
poorly conserved at the sequence level, and so it is difficult to
identify unequivocally. For example, the ftsL genes from the
gram-positive bacteria do not have significant homology to the
ones from the proteobacteria, although they share a common
secondary structure and are found in equivalent positions
within the dew cluster (59). Interestingly, there are several
genomes that contain short open reading frames at the same
position in the cluster and have similar predicted secondary
structures (our unpublished observations), suggesting that fisL
is indeed conserved and that there are several unidentified (or
even unannotated) homologs.

The cluster contains genes involved in cell division and genes
involved in the synthesis of the cell wall precursors (4). The
gene order and gene contents of the cluster are conserved
among bacteria from very distant groups, with a strong trend
toward conservation among rod-shaped bacteria and to disper-
sion in other morphological groups (62, 63, 84). To explain the
amazing degree of conservation of the cluster among very
distantly related groups of bacteria, as well as the correlation
between cluster structure and cell shape, a model that states
that in rod-shaped bacteria the clustering of these genes favors
the cotranslational assembly and localization of their products
at the division site (the genomic channeling hypothesis) (Fig. 2)
has been postulated (62, 63). The broad phylogenetic distribu-
tion of the cluster, together with the association of genes in-
volved in two different functions, suggests that the cell division
machinery is an ancient structure that evolved in parallel with
the cell wall and its biosynthetic pathways and became fixed in
a rod-shaped cell, presumably the ancestor of extant bacteria
(48, 62).

THE DIVISION RING

A build-up of some proteins forming a ring at the cell center
before constriction begins can be detected (1, 22). The ring is
visualized by fluorescence microscopy using fusions to fluores-
cent proteins or antibodies against the different cell division
proteins (Fig. 1). It usually appears either as a sharp band that
crosses the cell from side to side and is called a closed ring (22)
or as two bright dots at both sides of some cells, what is called
an open ring (22). A slight delay between the appearance of
the open and closed rings of FtsZ, FtsA, and ZipA has been
reported (22, 78), suggesting that they might correspond to
different, successive stages in ring assembly. The two-dot image
of the open ring may be generated by the two-dimensional
projection of a three-dimensional ring where the horizontal
parts are blurred due to the elongation of the microscope point
spread function along the z axis. The closed ring can be re-
solved in some cases, though not always, into two-dot images
by three-dimensional deconvolution (our unpublished obser-
vations). This suggests that the two forms of the ring might
indeed be very similar, if not identical, structures.

It is not known whether the ring is a single continuous
circular structure or several short, unconnected segments, be-
cause fluorescent images of the ring lack molecular detail and
the use of electron microscopy has not revealed any salient
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FIG. 2. Schematic view of the genomic channeling hypothesis. Localized assembly of the enzymes that form the pathway of peptidoglycan (pg)
precursor synthesis (indicated in the central part of the figure) into a multienzymatic complex (Mur complex) might drive the precursors directly
to the sites of peptidoglycan synthesis by substrate channeling. This would be important in rod-shaped cells, where the highly localized machinery
responsible for the synthesis of septal peptidoglycan should compete for precursors with the lateral peptidoglycan synthesis machinery, which is
distributed over a much larger surface (both machineries are sketched at the top). The genomic channeling hypothesis (62, 63) states that the
clustering of genes in rod-shaped cells (the E. coli dew cluster is represented at the bottom) favors the cotranslational assembly and localization
of the division protein complexes (Fts complex) and the precursor synthesis complex (Mur complex), driving the flux of precursors toward the
septum synthesis machinery (PBP3-FtsW/PBP1b complexes) during cell division. After division the Mur complex might migrate to the sites of
lateral peptidoglycan synthesis (PBP2-RodA/PBP1b complexes), or it might disassemble and assemble de novo at these sites. Note that in E. coli

the murB gene is not found within the dew cluster.

feature. Recently, it has been shown that in Streptococcus pneu-
moniae there are two different rings, the FtsZ ring and another
one formed by the high-molecular-weight PBPs. These two
rings seem to be independent, because in mutants in the strep-
tococcal PBP3 protein (homolog of E. coli PBPS), they do not
always colocalize (64). It is not known whether the membrane
proteins (PBPs) of the streptococcal division ring have the
ability to localize and form a ring by themselves, whether they
localize in an FtsZ-dependent manner, and whether, once
formed, their ring can detach from the FtsZ ring.

The division ring is assembled outwards, starting from the
cytoplasmic components and then progressing toward the
outer membrane by recruiting the membrane and periplasmic
division proteins (Fig. 3 and 4). The assembly of the cytoplas-
mic side is relatively simple, with only five components: FtsZ,
FtsA, ZapA, and the cytoplasmic domains of ZipA and FtsK.
The main component is FtsZ, which is the most abundant cell
division protein, with 4,000 to 15,000 molecules per cell (Table 1)
(54,76, 78). So, the bulk of the ring lies in the cytoplasmic side,
while the membrane and periplasmic parts constitute a smaller
fraction, at least in mass terms, because some of its compo-
nents, PBP3, FtsQ, and FtsL, are found in very small amounts

in the cell (5, 93) or are very small proteins, such as FtsL and
FtsB (Table 1) (15, 35).

The division ring is a dynamic structure that requires active
metabolism for its maintenance. Some of its components (FtsZ
and ZipA) have been shown to be replaced from the ring in
just a few seconds (3), and the entire ring quickly disappears
upon depletion of the cellular ATP pools (78). During sporu-
lation in B. subtilis the ring can be reprogrammed; the medial
ring migrates to the poles in a process that involves a dynamic
spiral FtsZ structure (6).

INITIATION OF THE Z-RING

The first known event in the differentiation of the division
site is the localization of FtsZ at the future division site to form
the Z-ring. FtsZ is a soluble, cytoplasmic protein. It is a struc-
tural homolog of eukaryotic tubulin (52), has GTPase activity
(66), and in vitro forms a variety of polymers in a GTP-depen-
dent manner (26, 33, 61, 66, 72). It is then logical to think that
assembly of the Z-ring involves the localized polymerization of
FtsZ. However, such polymers have not been visualized in thin
sections of dividing cells even when fast-freezing treatments
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FIG. 3. Proteins of the early assembly step of the division ring. Assembly of the FtsZ ring depends on either FtsA or ZipA or both, while the
localization of these two depends on FtsZ. The localization of ZapA is dependent on FtsZ. FtsA and ZipA are bound to the inner cell membrane
(magenta stripe), while FtsZ interacts with these two proteins. These three proteins assemble into the ring at the same time in a first step that might
span a significant part of the cell cycle before the assembly of the late proteins shown in Fig. 4. Maintenance of the FtsZ ring is energy dependent
(60), probably because FtsZ polymerization requires the presence of GTP at the nucleotide-binding site. Protein names are abbreviated as follows:
A, FtsA; Z, FtsZ; Zip, ZipA; and Zap, ZapA. Icons are ordered from left to right following the linear assembly sequence of the proteins. An
ampersand indicates that both proteins assemble simultaneously (see the text).

are used (our unpublished observations), perhaps because they
do not form a prominent pattern whose cross section could be
differentiated against the cytoplasmic background.

The correct localization of the Z-ring at midcell depends on
two inhibitory mechanisms, namely, the MinCDE system and
nucleoid occlusion (Noc), mediated in E. coli by SImA (9, 27, 39,
56). The first mechanism prevents the assembly at places other
than the midcell position, and its absence gives rise to abnormal
polar divisions that yield minicells. The second mechanism pre-
vents assembly at regions in which a nucleoid is present; when it

is inactivated, the antiguillotine checkpoint is abolished and septa
can form in the region containing the nucleoid. In vivo, both
mechanisms prevent the assembly of Z-rings, but while MinC and
-D seem to act by blocking FtsZ polymerization, the action of
SImA in vitro is exactly the opposite; i.e., it promotes the bundling
of FtsZ filaments into higher-order structures (9, 43). Their com-
bined actions result, nevertheless, in the ring assembly at midcell
only when nucleoids are segregated. When these systems are
absent, multiple rings are formed, suggesting that FtsZ has the
potential to assemble at any point along the cell (97). Interest-

FIG. 4. Proteins of the late assembly step of the division ring. Schematic view of the assembly of the late cell division proteins showing their
relation to the cell membrane (magenta stripe) and peptidoglycan (blue grid). The protein icons are ordered from left to right according to the
commonly accepted assembly sequence. An ampersand indicates that both proteins assemble simultaneously (see the text). Proteins that have been
shown to interact physically are drawn in contact, while those whose assembly has been determined only by genetic methods are drawn separated.
Protein names have been abbreviated by excluding “Fts” from them. FtsA is drawn as in Fig. 3.
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TABLE 1. E. coli division ring ensemble

Molecular No. of

Protein mass (kDa)* molecules/cell”? Reference(s)
FtsA¢ 453 50-700 78, 91
FtsB 11.6 ND

FtsE 24.4 ND

FtslI® 63.9 25-100 5,93
FtsK 146.6 ND

FtsL 13.6 20-40 35

FtsN 35.8 1,000-6,000 1, 87
FtsQ 31.4 25 5

FtsW 46.0 ND

FtsX 38.5 ND

FtsZ 40.3 3,200-15,000 54,76, 78
ZipA 36.5 100-1,500 36, 78
ZapA 12.6 250¢ 34

AmiC 49.0 ND

EnvC 475 ND

“ The molecular masses of the monomeric proteins calculated from the gene
sequences are indicated.

? ND, not determined.

¢ The indicated abundance is for ZapA in B. subtilis cells.

4 FtsA might be phosphorylated, but the fraction of phosphorylated protein is
not known (79).

¢ FtsI is posttranslationally processed by removal of 11 residues of the C
terminus (67), and a small fraction is modified with lipids (40).

ingly, under these conditions FtsZ does not spread over the whole
nucleoid-free cell surface but condenses into discrete and regu-
larly spaced rings. This means that the sharpness of the rings is
not the result of the narrowness of the permitted region in which
the assembly is not inhibited, because even when a broad region
is available, thin, discrete rings are formed. Multiple sharp rings
may arise as a result of a pattern-forming reaction with a self-
enhancing (autocatalytic) process, which might be FtsZ polymer-
ization, combined with a long-range inhibition that might be the
local depletion of free FtsZ in the vicinity of the ring (58).

FtsZ rings have been found in all the mutants that lack some of
the downstream proteins, but not in the fts4 zipA double mutant,
indicating that at least one of the two proteins, FtsA or ZipA,
must be present, together with FtsZ, to assemble the Z-ring
(Fig. 3) (75) and that FtsZ cannot do it alone. Interestingly, in the
double ftsA zipA mutant, FtsZ accumulates into regularly
spaced clumps between chromosomes, indicating that although
it cannot bind to the membrane to form rings, the site selection
systems are still functional and the protein is driven to the
correct places (75).

In addition to these proteins, the widely conserved, though
not essential, protein ZapA (Fig. 3), which binds FtsZ poly-
mers and promotes their bundling in vitro, might positively
modulate Z-ring assembly in vivo (34, 51), while in B. subtilis,
the EzrA protein is a negative assembly regulator (50). Other
proteins downstream from FtsA and ZipA might also contrib-
ute to regulate or stabilize the ring, because the frequency of
Z-rings formed in mutants, in which they are defective, is often
lower than in the wild-type strain (12, 19).

ASSEMBLY OF FtsA AND ZipA

Assembly of FtsA and ZipA into the ring is dependent solely
on FtsZ and not on each other or on the rest of the down-
stream proteins (37). Both proteins are bound to the mem-
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brane, ZipA through its N-terminal transmembrane domain
(36) and FtsA through a conserved C-terminal amphipathic
helix (74), and both have been found to stabilize the Z-ring,
probably by a direct interaction with the carboxy-terminal tail
of FtsZ (38, 55, 65). This suggests that one role of these
proteins might be to anchor FtsZ to the membrane (Fig. 3) (71,
75), though this should be a rather dynamic anchor, because
the turnover of FtsZ and ZipA in the ring is very fast (83).

FtsA belongs to the actin/Hsp70/sugar kinase superfamily
(11, 79). It has been shown to bind ATP (79, 96) and should be
expected to have some ATPase activity. We have not found
such activity in purified FtsA proteins from different sources
(E. coli, S. pneumoniae, or Thermotoga maritima) expressed in
E. coli (49), although two other groups have described ATPase
activity in B. subtilis FtsA (28) or phosphatase activity in the
protein from Pseudomonas aeruginosa expressed in E. coli (73).
Nucleoside triphosphatase activities are abundant in E. coli
extracts (81), and caution should be taken when interpreting
the results of nucleoside triphosphatase assays. In this case,
essential controls should include the analysis of the activities of
inactive or altered mutants. The difficulties in finding an enzy-
matic activity for the FtsA proteins from some sources suggest
that they may require an unknown cofactor to be active. Puri-
fied S. pneumoniae FtsA is able to bind ATP and polymerizes
in an ATP-dependent manner (49). This and the fact that
streptococcal FtsA is relatively abundant compared to FtsZ
suggest that it might have a structural/mechanical role in ring
function. Conversely, based on the phenotypes of the different
division mutants and on its relatively low abundance in E. coli
(Table 1), it has been proposed that FtsA might be a switch,
acting like a checkpoint able to lock the Z-ring and prevent its
contraction until the downstream proteins are correctly assem-
bled (56).

The three-dimensional structure of FtsA from 7. maritima
has been solved (88). The protein has the classical two-domain
structure of actin family members, although one of the subdo-
mains is in a different orientation, so the protein has two core
subdomains (1A and 2A), forming the nucleotide-binding cleft,
and two subdomains (1C and 2B) at opposite sides of the core.
Deletion of all of domain 1C of E. coli FtsA does not affect the
ability of the remaining fragment to localize to the ring, but
then the downstream proteins are not recruited (77). The iso-
lated 1C domain can be artificially driven to the poles (by a
fusion to the B. subtilis DivIVA protein (20), where it is able to
recruit some of the downstream division proteins, indicating
that it must be sufficient for their localization. Most strikingly,
when fused to FtsZ, it could even partially complement a
temperature-sensitive mutation in ftsA4, indicating that FtsA
might be the major protein connecting the FtsZ ring and the
downstream proteins. Deletion of the tip of domain 2B (S12
and S13 B-strands), at the opposite side, induces formation of
misplaced rings (some even locate near the pole), suggesting
that this domain interacts with FtsZ and that the mutation
somehow increases the stability of the ring, which is then able
to partially overcome the actions of the Min and Noc systems
(77), supporting a regulatory role for FtsA. A point mutation
in the tip of domain 2B of FtsA can bypass completely the
function of ZipA (30). This indicates that the functions of both
proteins, FtsA and ZipA, are related, and that ZipA, besides
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being absent from many bacteria, is dispensable for the recruit-
ment of the downstream proteins.

A fusion of FtsQ to ZapA has been found both to be effi-
ciently recruited to the Z-ring independently of FtsA and FtsK
(32) and to direct the recruitment of other downstream pro-
teins, from FtsK to Ftsl. This indicates that the recruitment of
these division proteins by FtsA does not depend on a modifi-
cation of the Z-ring catalyzed by FtsA but rather on the phys-
ical interaction between the proteins. The function of FtsA can
be bypassed only partially, and the rings formed are not func-
tional for division, probably because they lack FtsN and per-
haps some other activity of FtsA.

FtsA has been shown to interact with itself (95, 96), with the
cytoplasmic proteins FtsZ and ZapA, and with the membrane
proteins FtsQ, Ftsl, and FtsN (25, 46). Contrary to this, ZipA
has been found to interact only with FtsZ and with itself (25).
This is surprising because under normal conditions ZipA is
essential for the localization of the downstream proteins, sug-
gesting that there might exist some additional undetected in-
teractions or otherwise that ZipA has some activity on the
structure or with the dynamics of the Z-ring that is necessary
for the recruitment of the downstream proteins. ZipA, like
FtsN, is present only in the y-proteobacteria, suggesting that
these two proteins might interact or might have related func-
tions (59).

ASSEMBLY OF THE DOWNSTREAM PROTEINS

After FtsA and ZipA, the linear assembly sequence pro-
ceeds with FtsE and FtsX, two proteins that are related to the
family of ABC transporters and are essential in salt-free media
(82). The function of the FtsEX complex in division is not
known, but it is more likely to be related to the assembly of
downstream proteins than to transport. Its dispensability in
high-salt media underlines the flexibility of the architecture of
the divisome.

Next comes FtsK, a very large multifunctional membrane
protein that has three cytoplasmic domains. The amino-termi-
nal domain is essential for cell division, the intermediate linker
domain also has some role in division, and the carboxy-termi-
nal domain is an ATP-dependent DNA translocase that has
two separate activities involved in chromosome segregation
and chromosome dimer resolution (10).

In E. coli, FtsQ assembles with FtsL and FtsB into a trimeric
complex before their localization (14), while in S. pneumoniae,
their homologs form a transient complex during septation (69).
Assembly of this complex is essential in E. coli for the local-
ization of FtsL and FtsB, which are codependent, but not for
the localization of FtsQ. FtsQ is the protein that establishes the
higher number of interactions with the other components of
the ring. It has a polypeptide transport-associated (POTRA)
domain which is functionally associated with protein interac-
tions or chaperon function (80), suggesting that it might be a
connector protein able to nucleate or regulate the assembly of
the other membrane proteins.

The next proteins in the assembly process are FtsI and FtsW,
both of which are involved in peptidoglycan synthesis during
division. Ftsl is a class B penicillin-binding protein (PBP3) with
transpeptidase activity, and FtsW belongs to the shape, elon-
gation, division, and sporulation (SEDS) family of polytopic
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FIG. 5. Network of interactions between division proteins. Sche-
matic drawing of the protein-protein interactions among the E. coli cell
division proteins found in systematic functional bacterial two-hybrid
assays. The circular arrows indicate self-interactions. Blue lines indi-
cate only those interactions described by Di Lallo et al. (25), green
lines indicate only those described by Karimova et al. (46), while
magenta lines are those detected in both studies. Note that the report
of Karimova et al. (46) did not include FtsK. The FtsA self-interaction
(96) and the ZipA-FtsZ interaction (38) are also found in functional
yeast two-hybrid assays.

membrane proteins (41). Each SEDS protein is usually asso-
ciated with a single class B PBP (57), so FtsW is proposed to
act in concert with PBP3 (Ftsl) in cell division (44), as RodA
and PBP2 do in cell elongation, although their exact molecular
roles are not known.

The last membrane protein in the linear sequence is FtsN,
which spans the periplasm and has a peptidoglycan-binding
domain. The function of FtsN is unknown but is likely to be
required for both early and late phases of assembly (2, 20, 32).
The sequence of known division ring elements closes with two
periplasmic proteins, the AmiC amidase and the EnvC hydro-
lase (7, 8).

Data from two-hybrid and other interaction assays indicate
the existence of interactions between the E. coli cell division
proteins (Fig. 5) (16, 20, 25, 32, 46). Strikingly, most of the
proteins interact with multiple partners. FtsZ binds to ZipA,
FtsA, and FtsK. Then FtsA and FtsK bind to slightly different
subsets of the group of downstream membrane proteins, and
these are themselves connected by multiple interactions. The
ability of FtsQ to establish numerous interactions is also sup-
ported by these assays. The existence of a complex network of
interactions fits well with the cooperative or concerted assem-
bly of the division proteins described to occur in B. subtilis (27)
but is difficult to reconcile with the linearity of the assembly
pathway described for E. coli (13). Possibly the linear sequence
reveals a dominant set of strong interactions under physiolog-
ical conditions, while the rest are weaker interactions that can
cooperatively strengthen the complex in vivo but are detected
individually only in experimental set-ups in which the proteins
are overproduced. This issue should be addressed by studying
the interactions by other, different methods to produce a quan-
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titative description of the network that takes into account both
the amounts of the different division proteins in the cell (Table 1)
and the affinities of at least some of their interactions.

TIMING THE ASSEMBLY

The timing for the assembly of the division proteins has been
studied by immunofluorescence microscopy in steady-state cul-
tures of E. coli by two different methods (1, 22, 78). The first
method makes use of the distribution of cell ages in batch
cultures growing under steady-state conditions to infer, from
the fraction of cells with rings, the fraction of the cell cycle in
which the rings are present and from this the age at which
the proteins localize in the division ring (22). This age at
assembly corresponds to an ideal population in which all the
cells have identical life cycles; i.e., all the cells in a given age
class are identical, and all the cells divide at a critical age into
two identical daughter cells (47). The second method measures
the fraction of cells with detectable rings at different times
along the cell cycle in synchronous cultures (78). In both stud-
ies it was found that the distribution of the frequency of rings
by cell age classes (cell lengths) was rather broad, indicating
that the cells were heterogeneous with respect to the ring
assembly even in steady-state populations. Pooling the FtsZ
data from the synchronous cultures of Ref (78) to calculate the
assembly timing from the frequency of cells with rings (22)
yields an estimate of approximately 21 min for the period of
the cell cycle in which the ring is present. This indicates that
the Z-ring assembled at minute 28 in a 49-min cell cycle, that
is to say at 57% of the full cycle. The maximum frequency of
cells with FtsZ rings in the synchronous cultures was reached at
40 min, which is 81% of the cycle. Therefore, the period of
FtsZ ring assembly in the population since the appearance of
the first rings until most cells had rings spanned about 24%
of the cell cycle. This means that some cells maintain a ring
assembled for a significant part of the cell cycle but that others
assemble the ring shortly before division. Another possibility is
that the ring formed by the upstream proteins can disassemble
and reassemble, being a transient structure until the down-
stream proteins localize into it at a late cell cycle stage (see
below). Whatever the case may be, this heterogeneity of the
cells with respect to ring assembly is surprising and should be
taken into account for a better understanding of the processes
of assembly of the different components of the division ring.

Using the age distribution method, it was found that the age
at assembly was the same for FtsZ and FtsA, and this assembly
occurs around the time of termination of DNA replication and
before chromosome segregation, suggesting that termination
of DNA replication could provide a signal to initiate cell divi-
sion. In the synchronous cultures, the first cells with FtsZ,
FtsA, or ZipA rings appear also around the end of chromo-
some replication, and there were no significant differences in
the timings of localization of these three early proteins.

The age distribution method has been applied to determine
the timing of assembly of the downstream proteins FtsQ, FtsW,
FtsI, and FtsN (1). Surprisingly, it was found that these pro-
teins localize into the ring nearly at the same time and 14 to 21
min after FtsZ, FtsA, and ZipA (in cell cycles of 40 to 140
min). This indicates that assembly of division proteins into the
ring occurs in two steps (Fig. 3 and 4) that are chronologically
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separated and raises the question of what the early proteins are
doing at midcell during all this time, which is a significant
fraction of the cell cycle. This is not a trivial question because
maintenance of the Z-ring consumes energy (Fig. 3) and is
therefore unlikely to gratuitously be assembled before it is
needed.

It has been shown that in the E. coli cell envelope there are
two different types of peptidoglycan. Both are well separated
into topological domains: the peptidoglycan of the lateral wall,
which grows by diffuse insertion of new material, and an inert
and very stable peptidoglycan that is synthesized at midcell to
be finally placed at the poles of the daughter cells. The syn-
thesis of the latter type is initiated by a process that depends on
the previous localization of FtsZ, but it does not depend on
FtsA or, surprisingly, on Ftsl, which is the PBP involved in the
synthesis of the septal peptidoglycan (23, 24). This suggests
that the early assembly of the FtsZ ring might be the signal to
start the processes of murein differentiation and segregation of
the topological domains of the cell wall, two processes that
might require some time to operate before the wall is mature
for septation. Compartmentalization of the periplasm (29) or
the cytoplasm (45, 90) is a process that might also be under way
once the assembly of the early upstream division proteins has
occurred and before the downstream proteins reach the divi-
sion ring.

SUMMARY AND OUTLOOK

The main components of the E. coli cell division machinery
have been identified, and their relations are being studied.
Several of the genes identified are widely conserved, suggesting
that the core of the division engine is common to most bacte-
rial groups. Two-hybrid and other gene fusion approaches have
shown that the division proteins are related by a small but
complex interaction network, in which FtsQ and FtsA may be
the most ubiquitous partners. Most of the downstream pro-
teins, which comprise the late assembly group, form a mem-
brane complex connected to the Z-ring through FtsA and
possibly FtsK. Issues that remain unresolved are the heteroge-
neity between cells in the timing of ring assembly and the
continuity and role of the Z-ring during the part of the cell
cycle in which the late proteins are not yet assembled. The
functions of several division genes are still poorly understood
(or unknown); therefore, to obtain a comprehensive functional
description of the division ring, we need to obtain the detailed
structural and biochemical characterization of the individual
components as well as their role in the partial or complete
division complexes. Another important future challenge ahead
is to determine the fine structure of the cell wall and in par-
ticular the structural and functional differences between the
lateral and polar/septal peptidoglycans.

Research in bacterial cell division has surpassed its own
field, providing some fundamental ideas to develop a new
bacterial cell biology that recognizes that bacteria do have
internal cytoskeletons and a dynamic subcellular structure (31,
53). Our current knowledge of the assembly of the bacterial
septum has reached a point in which we can envisage its ap-
plication to enlighten other fields. Among them, synthetic bio-
logy and nanotechnology appear to be interesting challenges.
More-mundane applications, from the discovery of new med-
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icines to the design of nanoengines, will hopefully help to
brighten our future.
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